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Reducing the spectral index in F-term hybrid inflation through
a complementary modular inflation
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We consider two-stage inflationary models in which a superheavy scale F-term hybrid inflation is
followed by an intermediate scale modular inflation. We confront these models with the restrictions
on the power spectrum PR of curvature perturbations and the spectral index ns implied by the recent
data within the power-law cosmological model with cold dark matter and a cosmological constant.
We show that these restrictions can be met provided that the number of e-foldings NHI∗ suffered by
the pivot scale k∗ = 0.002/Mpc during hybrid inflation is appropriately restricted. The additional
e-foldings required for solving the horizon and flatness problems can be naturally generated by the
subsequent modular inflation. For central values of PR and ns, we find that, in the case of standard
hybrid inflation, the values obtained for the grand unification scale are close to its supersymmetric
value MGUT = 2.86 × 10
16 GeV, the relevant coupling constant is relatively large (≈ 0.005 − 0.14),
and 10 <
∼
NHI∗ <∼ 21.7. In the case of shifted [smooth] hybrid inflation, the grand unification scale
can be identified with MGUT provided that NHI∗ ≃ 21 [NHI∗ ≃ 18].
PACS numbers: 98.80.Cq
1. INTRODUCTION
The recently announced three-year results [1] from the
Wilkinson microwave anisotropy probe (WMAP3) bring
under considerable stress the well-motivated, popular,
and quite natural models [2] of supersymmetric (SUSY)
F-term hybrid inflation (FHI) [3], realized [4] at (or
close to) the SUSY grand unified theory (GUT) scale
MGUT = 2.86×1016 GeV. This is due to the fact that, in
these models, the predicted spectral index ns is too close
to unity and without much running. Moreover, in the
presence of non-renormalizable terms generated by su-
pergravity (SUGRA) corrections with canonical Ka¨hler
potential, ns approaches [5] unity more drastically and
can even exceed it. This is in conflict with the WMAP3
prediction. Indeed, fitting the WMAP3 data with the
standard power-law cosmological model with cold dark
matter and a cosmological constant (ΛCDM), one ob-
tains [1] that, at the pivot scale k∗ = 0.002/Mpc,
ns = 0.958± 0.016 ⇒ 0.926 <∼ ns <∼ 0.99 (1)
at 95% confidence level.
A way out of this inconsistency is [6, 7] based on the
utilization of a quasi-canonical Ka¨hler potential. With
a convenient arrangement of the signs, a negative mass
term can be induced [7, 8] in the inflationary potential of
the FHI models. As a consequence, the inflationary path
acquires a local maximum. Under suitable initial condi-
tions, the so-called hilltop inflation [6] can take place as
the inflaton rolls from this maximum down to smaller val-
ues. In this case, ns can become consistent with Eq. (1),
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but only at the cost of an extra indispensable mild tuning
[8] of the initial conditions. Alternatively, it is suggested
[9] that ns’s between 0.98 and 1 can be made compati-
ble with the data by taking into account a sub-dominant
contribution to the curvature perturbation due to cos-
mic strings, which may be (but are not necessarily [10])
formed during the phase transition at the end of FHI.
In such a case, the resulting GUT scale is constrained to
values well below the SUSY GUT scale [8, 11, 12].
In this paper, we propose a two-step inflationary set-
up which allows acceptable ns’s in the context of the
FHI models even with canonical Ka¨hler potential and
without cosmic strings. The key point in our proposal
is that the total number of e-foldings Ntot required for
the resolution of the horizon and flatness problems of
the standard big bang cosmology does not have to be
produced exclusively during the GUT scale FHI. Since
ns within the FHI models generally decreases with the
number of e-foldings NHI∗ that the pivot scale k∗ suffers
during FHI, we could constrain NHI∗ so that Eq. (1) is
satisfied. The residual number of e-foldings Ntot −NHI∗
can be obtained by a second stage of inflation realized
at a lower scale. We call this type of inflation, which
complements the number of e-foldings produced during
the GUT scale inflation, complementary inflation. In our
scenario, modular inflation (MI), which can be easily re-
alized [13] by a string axion, plays this role and produces
the required additional number of e-foldings Ntot−NHI∗
with natural values of the relevant parameters. Such a
construction is also beneficial for MI, since the pertur-
bations of the inflaton in this model are not sufficiently
large to account for the observations, due to its low in-
flationary energy scale. As an extra bonus, the gravitino
constraint [14] and the potential topological defect [15]
problem of FHI can be significantly relaxed due to the
enormous entropy release taking place after MI (which
naturally assures a low reheat temperature). However,
2for the same reason, baryogenesis is made more difficult
but not impossible [16] in the context of a larger scheme
with (large) extra dimensions. It is interesting to note
that a constrained NHI∗ was previously used in Ref. [17]
to achieve a sufficient running of the spectral index. The
additional e-foldings were provided by new inflation [18].
Below, we briefly review the basic FHI models (Sec. 2)
and describe the calculation of the relevant inflationary
observables (Sec. 3). Then, we sketch the main features
of MI (Sec. 4) and exhibit the constraints imposed on
our cosmological set-up (Sec. 5). We end up with our
numerical results (Sec. 6) and conclusions (Sec. 7).
2. THE FHI MODELS
The FHI can be realized [2] adopting one of the super-
potentials below:
W =


κS
(
Φ¯Φ−M2) for standard FHI,
κS
(
Φ¯Φ−M2)− S (Φ¯Φ)2
M2
S
for shifted FHI,
S
(
(Φ¯Φ)2
M2
S
− µ2S
)
for smooth FHI,
(2)
where Φ¯, Φ is a pair of left handed superfields belonging
to non-trivial conjugate representations of a GUT gauge
group G and reducing its rank by their vacuum expec-
tation values (VEVs), S is a gauge singlet left handed
superfield, MS ∼ 5× 1017 GeV is an effective cutoff scale
of the order of the string scale, and the parameters κ and
M, µS (∼MGUT) are made positive by field redefinitions.
The superpotential for standard FHI in Eq. (2) is
the most general renormalizable superpotential consis-
tent with a global U(1) R symmetry [4] under which
S → eiα S, Φ¯Φ → Φ¯Φ, W → eiαW. (3)
Including in the superpotential for standard FHI the
leading non-renormalizable term, one obtains the super-
potential for shifted [19] FHI in Eq. (2). The superpoten-
tial for smooth [20] FHI is produced by further imposing
an extra Z2 symmetry under which Φ → −Φ and, thus,
allowing only even powers of the combination Φ¯Φ.
From the emerging scalar potential, we can deduce that
the vanishing of the D-terms implies that |〈Φ¯〉| = |〈Φ〉|,
while the vanishing of the F-terms gives the VEVs of the
fields in the SUSY vacuum (in the case where Φ¯, Φ are
not standard model (SM) singlets, 〈Φ¯〉, 〈Φ〉 stand for the
VEVs of their SM singlet directions). These VEVs are
〈S〉 = 0 and |〈Φ¯〉| = |〈Φ〉| = v
G
with
v
G
=


M for standard FHI,
M√
2ξ
√
1−√1− 4ξ for shifted FHI,
√
µSMS for smooth FHI,
(4)
where ξ = M2/κM2S with 1/7.2 < ξ < 1/4 [19]. As
a consequence, W leads to the spontaneous breaking of
G. The same superpotential W gives also rise to hybrid
inflation. This is due to the fact that, for large enough
values of |S|, there exist flat directions i.e. valleys of
local minima of the classical potential with constant (or
almost constant in the case of smooth FHI) potential
energy density. If we call VHI0 the dominant contribution
to the (inflationary) potential energy density along these
directions, we have
VHI0 =


κ2M4 for standard FHI,
κ2M4ξ for shifted FHI,
µ4S for smooth FHI,
(5)
with Mξ = M
√
1/4ξ − 1. Inflation can be realized if a
slope along the flat direction (inflationary valley) can be
generated for driving the inflaton towards the vacua. In
the cases of standard [4] and shifted [19] FHI, this slope
can be generated by the SUSY breaking on this valley.
Indeed, VHI0 > 0 breaks SUSY and gives rise to loga-
rithmic radiative corrections to the potential originating
from a mass splitting in the Φ¯, Φ supermultiplets. On
the other hand, in the case of smooth [20] FHI, the infla-
tionary valley is not classically flat and, thus, there is no
need of radiative corrections. Introducing the canonically
normalized inflaton field σ =
√
2|S|, the relevant correc-
tion VHIc to the inflationary potential can be written as
follows:
VHIc =


κ4M4N
32pi2
(
2 ln κ
2xM2
Q2 + (x+ 1)
2 ln(1 + x−1)+(x− 1)2 ln(1− x−1)
)
for standard FHI,
κ4M4ξ
16pi2
(
2 ln
2κ2xξM
2
ξ
Q2 + (xξ + 1)
2 ln(1 + x−1ξ )+(xξ − 1)2 ln(1− x−1ξ )
)
for shifted FHI,
−2µ6SM2S/27σ4 for smooth FHI,
(6)
where N is the dimensionality of the representations to
which Φ¯ and Φ belong in the case of standard FHI, Q is
a renormalization scale, x = |S|2/M2, and xξ = σ2/M2ξ .
Although in our work rather large κ’s are used in the
cases of standard and shifted FHI, renormalization group
effects [21] remain negligible.
For minimal Ka¨hler potential, the leading SUGRA cor-
rection VHIS to the scalar potential along the inflationary
3valley reads [3, 5, 11]
VHIS = VHI0
σ4
8m4P
, (7)
where mP ≃ 2.44×1018 GeV is the reduced Planck scale.
Let us also note that the most important contribu-
tion [22] to the inflationary potential from the soft SUSY
breaking terms starts [11, 22] playing an important role,
in the case of standard FHI, for κ <∼ 5 × 10−4 and so it
remains negligibly small in our set-up due to the large
κ’s encountered (see Sec. 6). This contribution, in gen-
eral, does not have [22] a significant effect in the cases of
shifted and smooth FHI too.
All in all, the general form of the potential which drives
the various versions of FHI reads
VHI = VHI0 + VHIc + VHIS. (8)
It is worth mentioning that the crucial difference be-
tween the standard and the other two realizations of FHI
is that, during standard FHI, both Φ¯ and Φ vanish and so
the GUT gauge group G is restored. As a consequence,
topological defects such as strings [8, 11, 12], monopoles,
or domain walls may be produced [20] via the Kibble
mechanism [15] during the spontaneous breaking of G at
the end of FHI. This is avoided in the other two cases,
since the form of W allows the existence of non-trivial
inflationary valleys along which G is spontaneously bro-
ken (with the appropriate Higgs fields Φ¯ and Φ acquiring
non-zero values). Therefore, no topological defects are
produced in these cases.
3. THE DYNAMICS OF FHI
Assuming (see below) that all the cosmological scales
cross outside the horizon during FHI and are not repro-
cessed during the subsequent MI, we can apply the stan-
dard calculations (see e.g. Ref. [23]) for the inflationary
observables of FHI.
Namely, the number of e-foldings NHI∗ that the pivot
scale k∗ suffers during FHI can be found from
NHI∗ =
1
m2P
∫ σ∗
σf
dσ
VHI
V ′HI
, (9)
where the prime denotes derivation with respect to
(w.r.t.) σ, σ∗ is the value of σ when the pivot scale k∗
crosses outside the horizon of FHI, and σf is the value of
σ at the end of FHI, which can be found, in the slow-roll
approximation, from the condition
max{ǫ(σf), |η(σf)|} = 1, where
ǫ ≃ m
2
P
2
(
V ′HI
VHI
)2
and η ≃ m2P
V ′′HI
VHI
· (10)
In the cases of standard [4] and shifted [19] FHI, the
end of inflation coincides with the onset of the GUT
phase transition, i.e. the slow-roll conditions are vio-
lated infinitesimally close to the critical point σc =
√
2M
[σc =Mξ] for standard [shifted] FHI, where the waterfall
regime commences (this is valid even in the case where
the term in Eq. (7) plays an important role). On the
contrary, the end of smooth [20] FHI is not abrupt since
the inflationary path is stable w.r.t. variations in Φ¯, Φ
for all σ’s and σf is found from Eq. (10).
The power spectrum PR of the curvature perturbation
can be calculated at the pivot scale k∗ by
P
1/2
R =
1
2
√
3 πm3P
V
3/2
HI
|V ′HI|
∣∣∣∣∣
σ=σ∗
· (11)
Finally, the spectral index ns and its running dns/d lnk
are given by
ns = 1− 6ǫ(σ∗) + 2η(σ∗) and
dns/d ln k = 2
(
4η(σ∗)
2 − (ns − 1
)2
)/3− 2ξ(σ∗) (12)
respectively with ξ ≃ m4P V ′HIV ′′′HI/V 2HI.
4. THE BASICS OF MI
After the gravity mediated soft SUSY breaking, the
potential which can support MI has the form [13]
VMI = VMI0 − 1
2
m2ss
2 + . . . , (13)
where the ellipsis denotes terms which are expected to
stabilize VMI at s ∼ mP with s being the canonically nor-
malized real string axion field. Therefore, in the above
formula, we have
VMI0 = vs(m3/2mP)
2 and ms ∼ m3/2, (14)
where m3/2 ∼ 1 TeV is the gravitino mass and the coef-
ficient vs is of order unity, yielding V
1/4
MI0 ≃ 3×1010 GeV.
In this model, inflation can be of the fast-roll type [24].
The field evolution is given [24] by
s = sie
Fs∆NMI with Fs ≡
√
9
4
+
(
ms
Hs
)2
− 3
2
. (15)
Here si is the initial value of s (i.e. the value of s at the
onset of MI), Hs ≃
√
VMI0/
√
3mP is the Hubble param-
eter corresponding to VMI0, and ∆NMI is the number of
e-foldings obtained from s = si until a given s.
From Eq. (15), we can estimate the total number of
e-foldings during MI as
NMI ≃ 1
Fs
ln
(
sf
si
)
, (16)
where sf is the final value of s. This value is given by
sf = min{〈s〉, ssr}, where 〈s〉 ∼ mP is the VEV of s and
ssr is determined by the condition
ǫMI = 1 with ǫMI ≡ − H˙MI
H2MI
≃ 1
2
F 2s
(
s
mP
)2
(17)
4being the slow-roll parameter for MI (HMI is the Hub-
ble parameter during MI and the dot denotes derivation
w.r.t. the cosmic time). To derive Eq. (17), we use the
equation of motion for s during MI and Eq. (15). For
definiteness, we take 〈s〉 = mP in our calculation.
5. OBSERVATIONAL CONSTRAINTS
The cosmological scenario under consideration needs to
satisfy a number of constraints. These can be outlined
as follows:
(a) The power spectrum in Eq. (11) is to be confronted
with the WMAP3 data [1]
P
1/2
R ≃ 4.86× 10−5 at k∗ = 0.002/Mpc. (18)
(b) According to the inflationary paradigm, the horizon
and flatness problems of the standard big bang cos-
mology can be successfully resolved provided that
the pivot scale k∗ suffers a certain total number
of e-foldings Ntot, which depends on some details
of the cosmological scenario. In our set-up, Ntot
consists of two contributions:
Ntot = NHI∗ +NMI . (19)
Employing standard methods [3, 25], we can easily
derive, in our case, the required Ntot:
Ntot ≃ 22.6 + 2
3
ln
V
1/4
HI0
1 GeV
+
1
3
ln
TMrh
1 GeV
, (20)
where TMrh is the reheat temperature after the
completion of MI. Here, we have assumed that the
reheat temperature after FHI is lower than V
1/4
MI0
(as in the majority of these models [5]) and, there-
fore, the whole inter-inflationary period is matter
dominated.
(c) We have also to assure that all the cosmological
scales (i) leave the horizon during FHI and (ii) do
not re-enter the horizon before the onset of MI (this
would be possible since the scale factor increases
faster than the horizon during the inter-inflationary
era [25]). Both these requirements can be met if we
demand [25, 26] that
NHI∗ >∼ NminHI∗ ≃ 3.9 +
1
6
ln
VHI0
VMI0
· (21)
The first term in the expression for NminHI∗ is the
number of e-foldings elapsed between the horizon
crossing of the pivot scale k∗ and the scale 0.1/Mpc
during FHI. Note that length scales of the order of
10 Mpc are starting to feel nonlinear effects and
it is, thus, difficult to constrain [26] primordial
density fluctuations on smaller scales. Given that
(VHI0/VMI0)
1/4 ∼ 1014/1010 ∼ 104, we expect that
NminHI∗ ∼ 10.
(d) As it is well known [21], in the models under con-
sideration, |dns/d ln k| increases as NHI∗ decreases.
Therefore, limiting ourselves to |dns/d ln k|’s con-
sistent with the assumptions of the power-law
ΛCDM cosmological model, we obtain a lower
bound on NHI∗. Since, within the cosmological
models with running spectral index, |dns/d lnk|’s
of order 0.01 are encountered [1], we impose the
following upper bound on |dns/d ln k|:
|dns/d ln k| ≪ 0.01 . (22)
In our numerical investigation (see Sec. 6), we dis-
play boundary curves for dns/d ln k = −0.005 and
−0.01.
(e) For MI to be natural, we constrain the dimension-
less parameter vs in Eq. (14) as follows:
0.5 ≤ vs ≤ 10 ⇒ 2.45 >∼ ms/Hs >∼ 0.55, (23)
where we take ms = m3/2 (see below). The lower
bound on vs is chosen so that the sum of the two
explicitly displayed terms in the right hand side of
Eq. (13) is positive for s < mP. From Eq. (17),
we see that, for the values of ms/Hs in Eq. (23),
ssr > mP and, thus, sf = mP. Using Eq. (16),
we then find that the upper bound on ms/Hs im-
plies the constraint NMI >∼ 0.73 ln(mP/si). Note,
though, that Eqs. (15)–(17) are not very accurate
near the upper bound on ms/Hs since, in this re-
gion, the slow-roll parameter ǫMI gets too close to
unity at s = mP and, thus, the Hubble parameter
does not remain constant as s approaches mP. So
our results at large values of ms/Hs should be con-
sidered only as indicative. Fortunately, as we will
see below, the interesting solutions are found near
the lower bound on ms/Hs, where the accuracy of
these formulas is much better (of the order of a few
per cent for si ∼ 0.01mP). Moreover, the slow-roll
parameter for MI
ηMI ≡ m2P
V
(2)
MI
VMI
≃ −1
3
(
ms
Hs
)2
, (24)
where we again take ms = m3/2, satisfies the in-
equality |ηMI| ≤ 1 for ms/Hs <∼ 1.73 (the super-
script (n) denotes the nth derivative w.r.t. the
string axion s). So the interesting solutions corre-
spond to slow- rather than fast-roll MI. We should
also point out that the presence of the (unspeci-
fied) terms in the ellipsis in the right hand side of
Eq. (13), which are needed for stabilizing the po-
tential at s ∼ mP, also generates an uncertainty in
Eqs. (15)–(17). We assume that this uncertainty is
small and neglect it.
(f) Finally, we assume that FHI lasts long enough so
that the value of the almost massless string axion
s is completely randomized [27] as a consequence
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FIG. 1: Allowed (lightly gray shaded) regions in the (a) κ − v
G
, (b) κ − ms/Hs, (c) κ − NHI∗, and (d) κ − NMI plane for
standard FHI. The black solid [dashed] lines correspond to the upper [lower] bound on ns in Eq. (1), whereas the gray solid
lines have been obtained by fixing ns to its central value in Eq. (1). The dot-dashed [double dot-dashed] lines correspond to the
lower [upper] bound on NHI∗ [ms/Hs] from Eq. (21) [Eq. (23)]. The bold [faint] dotted lines correspond to dns/d ln k = −0.01
[dns/d ln k = −0.005]. Finally, the short dash-dotted lines correspond to the lower bound on VHI0 from Eq. (25). In the allowed
regions, Eqs. (18) and (20) are also satisfied.
of its quantum fluctuations from FHI. We further
assume that
VMI0 <∼ H4HI0, (25)
where HHI0 =
√
VHI0/
√
3mP is the Hubble param-
eter corresponding to VHI0, so that all the values
of s belong to the randomization region [27]. The
field s remains practically frozen during the inter-
inflationary period since the Hubble parameter is
larger than its mass. Under these circumstances,
all the initial values si of s from zero to mP are
equally probable. However, we take si ≫ HHI0/2π
so that the homogeneity of our present universe is
not jeopardized by the quantum fluctuations of s
from FHI. Note that randomization of the value of
a scalar field via inflationary quantum fluctuations
requires that this field remains almost massless dur-
ing inflation. For this, it is important that the field
does not acquire [3, 28] mass of the order of the
Hubble parameter via the SUGRA scalar poten-
tial. This is, indeed, the case for the string axion
during FHI (and the subsequent inter-inflationary
era). In the opposite case, this field could decrease
to very small values until the onset of MI as the
inflaton of new inflation [18] in Refs. [17, 29].
6. NUMERICAL RESULTS
In the case of standard FHI, we take N = 2. This cor-
responds to the left-right symmetric GUT gauge group
SU(3)c × SU(2)L × SU(2)R ×U(1)B−L with Φ¯ and Φ be-
longing to SU(2)R doublets with B − L = −1 and 1 re-
spectively. It is known [10] that no cosmic strings are
produced during this realization of standard FHI. As
a consequence, we are not obliged to impose extra re-
strictions on the parameters (as e.g. in Refs. [11, 12]).
Let us mention, in passing, that, in the case of shifted
[19] FHI, the GUT gauge group is the Pati-Salam group
SU(4)c × SU(2)L × SU(2)R. We take TMrh = 1 GeV and
m3/2 = ms = 1 TeV throughout. These are indicative
values which do not affect crucially our results. Indeed,
TMrh appears in Eq. (20) through its logarithm and so
its variation has a minor influence on the value of Ntot.
Furthermore, NMI depends crucially only on Fs – see
Eq. (16) – which in turn depends on the ratio ms/Hs
and not separately on ms or Hs. Finally, we choose the
initial value si of the string axion s at the onset of MI to
be given by si = 0.01mP in all the cases that we consider.
This value is close enough to mP to have a non-negligible
probability to be achieved by the randomization of s dur-
ing FHI (see point (f) in Sec. 5). At the same time, it
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FIG. 2: Allowed regions in the (a) κ − v
G
, (b) κ − ms/Hs, (c) κ − NHI∗, and (d) κ − NMI plane for shifted FHI with
MS = 5× 10
17 GeV. The notation is the same as in Fig. 1. We also include dark gray solid lines corresponding to v
G
= MGUT.
TABLE I: Convention for the various lines in Figs. 1−3.
Type of Line Corresponding Condition
Black Solid Upper bound on ns in Eq. (1)
Dashed Lower bound on ns in Eq. (1)
Short Dash-dotted Lower bound on VHI0 from Eq. (25)
Bold Dotted dns/d ln k = −0.01
Faint Dotted dns/d ln k = −0.005
Dot-dashed Lower bound on NHI∗ in Eq. (21)
Double Dot-dashed Upper bound on ms/Hs in Eq. (23)
Gray Solid Central value of ns in Eq. (1)
Dark Gray Solid v
G
=MGUT = 2.86 × 10
16 GeV
is adequately smaller than mP to guarantee good accu-
racy of Eqs. (15)–(17) near the interesting solutions and
justify the fact that we neglect the uncertainty from the
terms in the ellipsis in Eq. (13) (see point (e) in Sec. 5).
Moreover, larger si’s lead to smaller parameter space for
interesting solutions (with ns near its central value).
In our numerical computation, we use, as input pa-
rameters, κ (for standard and shifted FHI with fixed
MS = 5×1017 GeV) orMS (for smooth FHI) and σ∗. Us-
ing Eqs. (12) and (18), we extract ns and vG respectively.
For every chosen κ or MS, we then restrict σ∗ so as to
achieve ns in the range of Eq. (1) and take the output
values of NHI∗ (contrary to the conventional strategy –
see e.g. Refs. [11, 22] – in which NHI∗ ≃ 53 is treated as
a constraint and ns is an output parameter). Finally, we
find, from Eqs. (19) and (20), the required NMI and the
corresponding vs or ms/Hs from Eq. (16).
Our results for the three versions of FHI are presented
in Figs. 1−3. The conventions adopted for the various
lines are displayed in Table I. In Fig. 2(a) [Fig. 3(a)],
we focus on a limited range of κ’s [MS’s] for the sake
of clarity of the presentation. Let us discuss each case
separately:
Standard FHI. In Fig. 1, we present the regions al-
lowed by Eqs. (1), (18)–(23), and (25) in the (a) κ− v
G
,
(b) κ−ms/Hs, (c) κ−NHI∗, and (d) κ−NMI plane for
standard FHI. We observe that (i) the resulting v
G
’s and
κ’s are restricted to rather large values compared to those
allowed within the conventional (i.e. when NMI = 0) set-
up (compare with Refs. [11, 22]), (ii) as κ increases above
0.01 the SUGRA corrections in Eq. (7) become more and
more significant, (iii) as κ decreases below about 0.015
[0.042] the constraint from the lower [upper] bound on
ns in Eq. (1) ceases to restrict the parameters, since
it is overshadowed by the lower [upper] bound on NHI∗
[ms/Hs] in Eq. (21) [Eq. (23)] (indeed, on the dot-dashed
lines 9.84 <∼ NHI∗ = NminHI <∼ 10.62, which implies that
0.949 >∼ ns >∼ 0.926, while on the double dot-dashed ones
ms/Hs ≃ 2.45⇒ NMI ≃ 3.35 yielding ns ≃ 0.98− 0.99),
(iv) |dns/d ln k| remains well below the bound in Eq. (22)
in the largest part of the regions allowed by the other con-
straints, whereas −0.005 >∼ dns/d lnk >∼ −0.01 in a very
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FIG. 3: Allowed regions in the (a) MS − vG , (b) MS −ms/Hs, (c) MS −NHI∗, and (d) MS −NMI plane for smooth FHI. The
notation is the same as in Fig. 2. We included small MS’s of less physical interest just to show the effect of the constraints.
TABLE II: Input and output parameters for our scenario with
shifted (MS = 5 × 10
17 GeV) or smooth FHI for ns = 0.958
and v
G
=MGUT.
Shifted FHI Smooth FHI
σ∗ (10
16 GeV) 2.2 σ∗ (10
16 GeV) 23.53
κ 0.01 MS (5× 10
17 GeV) 0.87
M (1016 GeV) 2.35 µS (10
16 GeV) 0.188
1/ξ 4.54 σf (10
16 GeV) 13.42
NHI∗ 21 NHI∗ 18
dns/d ln k −0.0018 dns/d ln k −0.0055
NMI 24.3 NMI 27.8
ms/Hs 0.77 ms/Hs 0.72
limited part of these regions, and (v) for ns = 0.958, we
obtain 0.004 <∼ κ <∼ 0.14, 0.79 <∼ vG/(1016 GeV) <∼ 1.08,
and −0.002 >∼ dns/d ln k >∼ −0.01 as well as 10 <∼ NHI∗ <∼
21.7, 35 >∼ NMI >∼ 24, and 0.64 <∼ ms/Hs <∼ 0.77.
Shifted FHI. In Fig. 2, we delineate the regions al-
lowed by Eqs. (1), (18)–(23), and (25) in the (a) κ− v
G
,
(b) κ−ms/Hs, (c) κ−NHI∗, and (d) κ−NMI plane for
shifted FHI with MS = 5 × 1017 GeV. We observe that
(i) in contrast to the case of standard FHI, the lower [up-
per] bound on NHI∗ [ms/Hs] in Eq. (21) [Eq. (23)] gives
a lower [upper] bound on v
G
in the κ− v
G
plane, (ii) the
results on ms/Hs, NHI∗, and NMI are quite similar to
those for standard FHI (note that the bounds on ξ do not
cut out any slices of the allowed parameter space), and
(iii) v
G
comes out considerably larger than in the case of
standard FHI and can be equal to the SUSY GUT scale
(some key inputs and outputs for the interesting case
v
G
=MGUT with ns = 0.958 are presented in Table II).
Smooth FHI. In Fig. 3, we present the regions allowed
by Eqs. (1), (18)–(23), and (25) in the (a) MS − vG , (b)
MS−ms/Hs, (c)MS−NHI∗, and (d)MS−NMI plane for
smooth FHI. We observe that (i) the SUGRA corrections
in Eq. (7) play an important role for every MS in the al-
lowed regions of Fig. 3, (ii) in contrast to standard and
shifted FHI, |dns/d lnk| is considerably enhanced with
−0.005 >∼ dns/d ln k >∼ −0.01 holding in a sizable por-
tion of the parameter space for v
G
∼ MGUT, (iii) the
constraint of Eq. (21) does not restrict the parameters
unlike the cases of standard and shifted FHI (on the
dashed lines we have 0.02 <∼ MS/(5× 1017 GeV) <∼ 1.05,
12.6 <∼ NHI∗ <∼ 21.3, whereasNminHI∗ ∼ 10−11), and (iv) as
in the case of shifted FHI, we can find an acceptable solu-
tion fixing ns = 0.958 and vG =MGUT (some key inputs
and outputs of this solution are arranged in Table II).
7. CONCLUSIONS
We investigated a cosmological scenario tied to two
bouts of inflation. The first one is a GUT scale FHI
which reproduces the current data on PR and ns within
the power-law ΛCDM cosmological model and generates
8a limited number of e-foldingsNHI∗. The second one is an
intermediate scale MI which produces the residual num-
ber of e-foldings. We assume that the field which is re-
sponsible for MI is a string axion which remains naturally
almost massless during FHI. We have taken into account
extra restrictions on the parameters originating from (i)
the resolution of the horizon and flatness problems of the
standard big bang cosmology, (ii) the requirements that
FHI lasts long enough to generate the observed primor-
dial fluctuations on all the cosmological scales and that
these scales are not reprocessed by the subsequent MI,
(iii) the limit on the running of ns, (iv) the naturalness
of MI, (v) the homogeneity of the present universe, and
(vi) the complete randomization of the string axion dur-
ing FHI. Fixing ns to its central value, we concluded that
(i) relatively large κ’s and v
G
’s are required within the
standard FHI with 10 <∼ NHI∗ <∼ 21.7 and (ii) identifica-
tion of the GUT breaking VEV with the SUSY GUT scale
is possible within shifted [smooth] FHI with NHI∗ ≃ 21
[NHI∗ ≃ 18]. In all these cases, MI of the slow-roll type
with ms/Hs ∼ 0.6− 0.8 and a very mild tuning (of order
0.01) of the initial value of the string axion produces the
necessary additional number of e-foldings. Therefore, MI
complements successfully FHI.
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